The function of a number of genes in the gliotoxin biosynthetic cluster (gli) in Aspergillus fumigatus remains unknown. Here, we demonstrate that gliK deletion from two strains of A. fumigatus completely abolished gliotoxin biosynthesis. Furthermore, exogenous H 2 O 2 (1 mM), but not gliotoxin, significantly induced A. fumigatus gliK expression (P ‫؍‬ 0.0101). While both mutants exhibited significant sensitivity to both exogenous gliotoxin (P < 0.001) and H 2 O 2 (P < 0.01), unexpectedly, exogenous gliotoxin relieved H 2 O 2 -induced growth inhibition in a dose-dependent manner (0 to 10 g/ml). Gliotoxin-containing organic extracts derived from A. fumigatus ATCC 26933 significantly inhibited (P < 0.05) the growth of the ⌬gliK 26933 deletion mutant. The A. fumigatus ⌬gliK 26933 mutant secreted metabolites, devoid of disulfide linkages or free thiols, that were detectable by reverse-phase high-performance liquid chromatography and liquid chromatography-mass spectrometry with m/z 394 to 396. These metabolites (m/z 394 to 396) were present at significantly higher levels in the culture supernatants of the A. fumigatus ⌬gliK 26933 mutant than in those of the wild type (P ‫؍‬ 0.0024 [fold difference, 24] and P ‫؍‬ 0.0003 [fold difference, 9.6], respectively) and were absent from A. fumigatus ⌬gliG. Significantly elevated levels of ergothioneine were present in aqueous mycelial extracts of the A. fumigatus ⌬gliK 26933 mutant compared to the wild type (P < 0.001). Determination of the gliotoxin uptake rate revealed a significant difference (P ‫؍‬ 0.0045) between that of A. fumigatus ATCC 46645 (9.3 pg/mg mycelium/min) and the ⌬gliK 46645 mutant (31.4 pg/mg mycelium/min), strongly suggesting that gliK absence and the presence of elevated ergothioneine levels impede exogenously added gliotoxin efflux. Our results confirm a role for gliK in gliotoxin biosynthesis and reveal new insights into gliotoxin functionality in A. fumigatus.
G
liotoxin was discovered in 1936, and its structure was elucidated in 1943 (19, 38) . Much initial interest in the molecule was directed toward exploiting its antifungal activities; however, after observations that gliotoxin exhibited growth-inhibitory effects against animal cells, it was posited as a putative anti-cancer or organ transplant rejection agent, and a large number of subsequent studies investigated the mechanism of action of gliotoxin against mammalian cell types (3, 24, 37) .
Until recently, the mechanism of gliotoxin biosynthesis had proven to be especially refractory to analysis, despite multiple studies between 1960 and 1985 involving radiolabeled precursor feeding and analysis of proteins produced during gliotoxin biosynthesis (2, 18) . Since the discovery of the gliotoxin gene cluster gli (14) , now known to contain 13 genes, the function of a number of cluster genes has been established by a combination of targeted gene deletion and phenotypic and biochemical analyses (4, 10, 11, 13, 22, 31-33, 34, 36) . gliZ [a Zn(II) 2 -Cys(6) binuclear cluster domain transcription factor] deletion resulted in attenuation of gli cluster expression and the absence of gliotoxin production (4) . The nonribosomal peptide synthetase GliP has been shown to be essential for gliotoxin biosynthesis and to catalyze cyclo-L-phenylalanyl-L-seryl formation from the cognate precursor amino acids (1) . Glutathione (GSH) has been implicated as the immediate thiol source for both sulfur atoms in gliotoxin, and a reactive acyl imine intermediate has been proposed to act as an acceptor for glutathionylation catalyzed by the glutathione S-transferase GliG (11, 31) . The gliotoxin oxidoreductase, GliT, a key self-protection gene against gliotoxin, is regulated independently of gliZ and catalyzes disulfide bridge closure (32, 33) . The involvement of GliC has also been investigated (31) , whereby GliC-mediated oxygenation of a gliotoxin biosynthetic intermediate was essential for subsequent thiolation catalyzed by GliG. Additionally, Schrettl et al. (33) demonstrated that gliH was also essential for gliotoxin biosynthesis, but that it did not play a role in self-protection against gliotoxin. Comparative metabolomic analysis (13), using two-dimensional nuclear magnetic resonance, has revealed the presence of 19 gli-dependent metabolites (biosynthetic intermediates or shunt metabolites) in wild-type Aspergillus fumigatus which are absent from the gliZ deletion strain (4) . Interestingly, this work also demonstrated that gliP and gliI deletion mutant metabolomes did not contain any gliZ-dependent compounds. While this might be expected for GliP absence, which normally catalyzes the initiation step in gliotoxin biosynthesis (1) , it is unclear why gliI (a putative aminotransferase) deletion resulted in the complete absence of gliZ-dependent metabolites, although the absence of gliZ and gliP expression in A. fumigatus ⌬gliI has been noted (13) .
Probably one of the most cryptic genes in the gli cluster is gliK (CADRE identifier AFUA_6G09700; http://www.cadre-genomes .org.uk [23] ). However, the role of the protein encoded by gliK in A. fumigatus has not been characterized to date. Interestingly, fungi which contain the major facilitator superfamily (MFS), rather than an ABC transporter associated with gliotoxin produc-tion, also possess an adjacent gliK-type gene (28) , whereas organisms that contain the ABC transporter do not contain a gliK gene within the relevant gene cluster. Conceivably, therefore, it is possible that the protein encoded by gliK is involved in epipolythiodioxopiperazine efflux with GliA, an MFS transporter in the gli cluster. In any case, given the effective annotation of GliK as a protein of unknown function and the presence of orthologs in a range of fungal species (n ϭ 56 with Ͼ30% identity), functional annotation of the gene is essential to further our knowledge of epipolythiodioxopiperazine (ETP) biosynthesis.
Here, we demonstrate that deletion of gliK in two A. fumigatus strains results in acquisition of significant gliotoxin and hydrogen peroxide sensitivity, disrupted gliotoxin biosynthesis, metabolome remodelling, and impaired gliotoxin uptake. Unexpectedly, we further demonstrate that gliotoxin presence protects A. fumigatus against hydrogen peroxide-induced oxidative stress.
MATERIALS AND METHODS
Strains, growth conditions, and oligonucleotides. A. fumigatus strains (see Table S1 in the supplemental material) were grown at 37°C in Aspergillus minimal medium (AMM). AMM contained 1% (wt/vol) glucose as the carbon source, 5 mM ammonium tartrate as the nitrogen source, and trace elements according to Pontecorvo et al. (29) . Liquid cultures were performed with 200 ml AMM or Czapek-Dox in 500-ml Erlenmeyer flasks inoculated with 10 8 conidia. For growth assays, 10 3 conidia of the respective strains were point inoculated on AMM or Czapek-Dox plates containing the relevant supplements and incubated for 72 h at 37°C. Oligonucleotides used are listed in Table S2 in the supplemental material.
Generation of A. fumigatus mutant strains. For the generation of both ⌬gliK strains, the bipartite marker technique was used (25) . Briefly, A. fumigatus strains ATCC 46645 and ATCC 26933 were cotransformed with two DNA constructs, each containing an incomplete fragment of a pyrithiamine resistance gene (ptrA) (21) fused to 1 and 1.1 kb of gliK flanking sequences, respectively. These marker fragments shared a 557-bp overlap in the ptrA cassette, which served as a potential recombination site during transformation. During transformation, homologous integration of each fragment into the genome flanking gliK allows recombination of the ptrA fragments and generation of the intact resistance gene at the site of recombination. Two rounds of PCR generated each fragment. First, each flanking region was amplified from ATCC 46645 genomic DNA using primers gliKP1 and gliKP4 for flanking region A (1.25 kb) and gliKP2 and gliKP3 for flanking region B (1.2 kb). Subsequent to gel purification, the fragments were digested with SpeI and HindIII, respectively. The ptrA selection marker was released from plasmid pSK275 (a kind gift from Sven Krappmann, Goettingen, Germany) by digestion with SpeI and HindIII and ligated with the two flanking regions A and B described above. For generation of the ⌬gliK mutants, two overlapping fragments were amplified from the ligation products using primers gliKP5 and optrA2 for fragment C (2.6 kb) and primers gliKP6 and optrA1 for fragment D (2.2 kb). Subsequently, ATCC 46645 and ATCC 26933 were transformed simultaneously with the overlapping fragments C and D. Complementation of gliK was undertaken in the A. fumigatus ⌬gliK 46645 strain using selection on phleomycin and confirmed by Southern analysis (see Fig. S1 in the supplemental material).
RNA isolation and real-time PCR. Fungal RNA was isolated and purified from A. fumigatus hyphae crushed in liquid nitrogen using the RNeasy plant minikit (Qiagen). RNA was treated with DNase 1 (Invitrogen), and cDNA synthesis from mRNA (500 ng) was performed using a first-strand transcription cDNA synthesis kit (Roche) with oligo(dT) primers. The gene encoding calmodulin (AFUA_4G10050), which is constitutively expressed in A. fumigatus, served as a control in reverse transcription-PCR (RT-PCR) experiments (6) . Real-time PCR was performed using the LightCycler 480 Sybr green 1 master mix (Roche) on a LightCycler 480 real-time PCR system as previously described (27) . For realtime PCRs, a 1/10 dilution of cDNA from each sample was used as a template and each reaction was performed in triplicate.
Phenotypic assays. A. fumigatus wild-type and mutant strains were incubated at 37°C for up to 72 h in the presence of either gliotoxin (0 to 20 g/ml), H 2 O 2 (0 to 5 mM), gliotoxin and H 2 O 2 (H 2 O 2 , 0 to 1 mM; gliotoxin, 0 to 10 g/ml), or voriconazole (0 to 0.25 g/ml).
Analysis of gliotoxin and related metabolite production. To analyze gliotoxin and related metabolite production, A. fumigatus wild-type and mutant strains were grown at 37°C for 48 h in AMM or Czapek-Dox medium. Supernatants were chloroform extracted overnight, and fractions were dried to completion under vacuum. Extracts were resolubilized in methanol and analyzed using reverse-phase high-performance liquid chromatography (RP-HPLC) and LC-mass spectrometry (LC-MS) as previously described (30, 33) . Reduction and alkylation (using 5=-iodoacetamidofluorescein; 5=-IAF) of organic extracts was performed as described previously (11, 12) . For intracellular metabolite analysis, mycelia were lysed as described previously (7, 17) prior to reduction and alkylation (11, 12) . Alternatively, total mycelial thiol quantitation was undertaken using aldrithiol-4 (11 mg/ml in ethanol) analysis (35) .
Determination of gliotoxin uptake rate. A. fumigatus ATCC 46645 (n ϭ 3 biological replicates) and ⌬gliK 46645 (n ϭ 3) strains were grown at 37°C in minimal medium (MM), which contained 1% (wt/vol) glucose as the carbon source, 20 mM L-glutamine as the nitrogen source, and trace elements according to Pontecorvo et al. (29) for 24 h. At 24 h, gliotoxin (5 g/ml final) was added to the cultures, and 2-ml aliquots of supernatant were removed at 0, 15, 30, and 45 min. After chloroform extraction, all specimens were resuspended in methanol (55 l) followed by RP-HPLC analysis (30, 33) for quantitation of residual gliotoxin. Corresponding mycelia from replicate specimens were lyophilized and weighted.
Statistical analysis. All data were analyzed using built-in GraphPad Prism (version 5.01) functions as specified. The level of significance was set at P Ͻ 0.05 (*), P Ͻ 0.01 (**), and P Ͻ 0.001 (***) unless otherwise stated. Post hoc comparisons between groups were performed using the Bonferroni multiple-comparison test unless otherwise stated. All graphs were compiled using Graphpad Prism (version 5.01) unless otherwise stated.
RESULTS
Deletion of gliK from A. fumigatus. A. fumigatus ⌬gliK mutants were generated by transformation of A. fumigatus strains ATCC 46645 and ATCC 26933, respectively, as described in Materials and Methods, using the bipartite marker technique and pyrithiamine selection, with modifications (21, 25) . Targeted gliK deletions in both ATCC 46645 and 26933 genetic backgrounds were obtained at a frequency of 1/113 and 1/58 colonies screened, respectively (see Fig. S1 in the supplemental material). These two strains were chosen because A. fumigatus ATCC 46645 exhibits extremely low-level gliotoxin secretion using MM, whereas the ATCC 26933 strain is a potent gliotoxin producer (see below) (33) .
Gene expression analysis. gliK mRNA abundance was assessed in A. fumigatus ATCC 46645 in different liquid medium types, namely, Sabouraud medium, MM, and AMM. The cultures were grown for 24, 48, and 72 h, respectively (Fig. 1) . mRNA abundance of gliK never exceeded a ratio of 1, indicating that it is at a much lower level than the calmodulin reference gene (6) . gliK mRNA abundance was highest in AMM at 24 h yet was absent from Sabouraud media at all time points. The mRNA abundance of gliK in MM was equivalent at 24 and 48 h, whereas the abundance level dropped dramatically at 72 h (P Ͻ 0.1). In AMM cultures, the highest mRNA abundance of gliK was at 24 h, which was reduced considerably at 48 h (P Ͻ 0.01) and was barely detectable at 72 h (P Ͻ 0.001). This indicates that gliK mRNA abundance is highest in MM and at early time points during culture. Since gliK mRNA abundance was highest in AMM, this medium was chosen to confirm the absence of gliK mRNA in the A. fumigatus ⌬gliK 46645 mutant ( Fig. 1) . gliK was expressed in A. fumigatus ATCC 46645 at 24 and 48 h, whereas the ⌬gliK 46645 strain did not express gliK, thereby confirming the deletion of gliK from the genome. gliK expression was restored following complementation (see Fig. S2 in the supplemental material). Liquid cultures of A. fumigatus ATCC 46645 in AMM were spiked with gliotoxin (5 g/ml final) at 21 h and the cultures harvested at 24 h (33), and it was observed that gliK mRNA abundance was not significantly increased in the presence of gliotoxin ( Fig. 1 ), indicating that gliK expression is not controlled by the presence of gliotoxin. AMM cultures of A. fumigatus ATCC 46645 were also subjected to H 2 O 2 -induced oxidative stress (1 mM) at 21 h, and the cultures were harvested at 24 h. The abundance of gliK mRNA was significantly upregulated, from a relative ratio of 0.1665 to 3.193 (P ϭ 0.0101), in the presence of H 2 O 2 ( Fig. 1) . A. fumigatus gliA is adjacent to gliK in the genome; however, deletion of gliK did not prevent gliA expression in the mutant strains (see Fig. S2 ).
Gliotoxin significantly inhibits growth of A. fumigatus ⌬gliK. It has been demonstrated that A. fumigatus is capable of self protection against gliotoxin, and that deletion of gliT significantly increased strain sensitivity to exogenous gliotoxin (32, 33) . Both ⌬gliK mutants were also significantly more sensitive to gliotoxin (P Ͻ 0.001), and a reduced growth rate was seen at all time points, with the greatest difference in growth seen at 72 h (Fig. 2) . After 72 h of growth on AMM plates, there was a significant decrease in the radial growth of the A. fumigatus ⌬gliK 46645 strain compared to the wild-type strain when gliotoxin was present in the media ( Fig. 2  and 3 ). The difference was highly significant at gliotoxin concentrations of 10 and 20 g/ml (P Ͻ 0.001). A. fumigatus ATCC 46645 also exhibited a decreased radial growth (ϳ20%) at the highest gliotoxin concentration used (20 g/ml) compared to that in media without gliotoxin, indicating that the A. fumigatus wild type is sensitive to high levels of gliotoxin. The decrease in radial growth due to the presence of exogenous gliotoxin was also observed in the A. fumigatus ⌬gliK 26933 strain at all gliotoxin concentrations tested ( Fig. 2 and 3 ) and was highly significant at 10 and 20 g/ml gliotoxin, respectively (P Ͻ 0.001). As seen for A. fumigatus ATCC 46645, ATCC 26933 showed a decrease in growth ability in gliotoxin (20 g/ml), where there was a reduction in radial growth of 21% compared to that in media without gliotoxin. The abundance of gliT mRNA was determined in A. fumigatus ⌬gliK 26933 and ⌬gliK 46645 strains and was not found to be affected, indicating that the sensitivity to gliotoxin observed in A. fumigatus ⌬gliK 26933 and ⌬gliK 46645 strains was not due to attenuated A. fumigatus gliT expression (see Fig. S3 in the supplemental material).
H 2 O 2 significantly inhibits growth of the A. fumigatus ⌬gliK mutant. After 72 h of growth on AMM plates (containing 2 mM H 2 O 2 ), a significant difference in the radial growth of the A. fumigatus ⌬gliK 46645 mutant compared to the wild type was observed (P Ͻ 0.01) (Fig. 2 ). In fact, the A. fumigatus ⌬gliK mutant was unable to grow at 2 mM H 2 O 2 . At 1 mM H 2 O 2 , both strains exhibited equivalent radial growth. The A. fumigatus ⌬gliK 26933 strain showed the same pattern of growth on H 2 O 2 as the ⌬gliK 46645 strain (Fig. 2) , and there was significantly different radial growth at 2 mM H 2 O 2 between the A. fumigatus ATCC 26933 and ⌬gliK 26933 strains (P Ͻ 0.01), as the mutant strain was incapable of any growth at this concentration. This inability of the mutant strain to grow was also observed at 3 mM H 2 O 2 , but this was not found to be significant as the wild-type growth was also severely diminished. Conversely, no significant growth difference between A. fumigatus ATCC 46645 and ⌬gliK 46645 strains was observed at 72 h on AMM plates in the presence of voriconazole (0 to 0.25 g/ml). Interestingly, at a low voriconazole concentration (0.05 g/ml), radial growth of the ⌬gliK strains was greater than that of the wild type; however, this difference was not significant (data not shown).
Exogenous gliotoxin relieves H 2 O 2 inhibition of A. fumigatus growth. Figure 3 illustrates the inhibitory effects of gliotoxin and H 2 O 2 , respectively, against A. fumigatus wild-type and ⌬gliK strains on Czapek-Dox plates. Here, it can be seen that A. fumigatus ⌬gliK mutant growth is completely inhibited at 1 mM H 2 O 2 ; however, gliotoxin addition (1 to 10 g/ml) significantly relieves this inhibition (P Ͻ 0.05) in a dose-dependent manner. Moreover, wild-type growth is similarly recovered in the presence of gliotoxin (P Ͻ 0.05). Clearly, gliotoxin presence acts to attenuate the H 2 O 2 -induced oxidative stress independently of the gliK status by either a direct or indirect mechanism (Fig. 3) . Organic extracts from A. fumigatus ATCC 26933 exert significant growth-inhibitory effects against the ⌬gliK 26933 mutant (Fig. 3D) , while in reverse experimentation no inhibitory effect was detectable in extracts from ⌬gliK strains (Fig. 3E) . Thus, we conclude that gliotoxin is primarily responsible for the growth inhibition observed in Fig. 3D .
Deletion of gliK abolishes gliotoxin biosynthesis and secretion. A. fumigatus ATCC 46645 in AMM did not produce significant amounts of gliotoxin, therefore it was difficult to determine if gliK deletion had an effect on gliotoxin production (data not shown). RP-HPLC analysis of A. fumigatus ATCC 26933 showed clear gliotoxin production (in AMM or Czapek-Dox) at a retention time (Rt) of 13.507 min, which is comparable to the standard gliotoxin peak (13.516 min) (Fig. 4) . A number of mutant-specific metabolites with Rt of 11.757, 13.236, 14.257, 15.207, and 15.576 min were evident in cultures from the A. fumigatus ⌬gliK 26933 strain (Fig. 4C) . RP-HPLC analysis of NaBH 4 -reduced organic extracts, with and without subsequent 5=-IAF alkylation (11, 12) , from wild-type and mutant cultures indicated the absence of gliotoxin production by the deletion mutant (data not shown). Matrix-assisted laser desorption ionization time-offlight (MALDI-TOF) MS analysis of reduced and alkylated organic extracts from the wild type confirmed the presence of the gliotoxin [i.e., the presence of diacetamidofluorescein-gliotoxin, or GT-(AF) 2 ], while labeled gliotoxin was undetectable in organic extracts from the ⌬gliK 26933 mutant (Fig. 4D and E) . LC-MS analysis confirmed the absence of gliotoxin production and revealed the presence of metabolites [(M ϩ H) ϩ ϭ 394 and 396] that are significantly upregulated in culture supernatants of the A. fumigatus ⌬gliK 26933 mutant compared to the wild type (P ϭ 0.0024 [fold difference ϭ 24.1] and P ϭ 0.0003 [fold difference ϭ 9.6], respectively) (Fig. 5) . These appear to be related compounds that differ by 2 Da. This relationship is supported by the identical difference between their relative daughter ion base peaks [(M ϩ H) ϩ ϭ 338 and 340, respectively]. The presence of dimers of these compounds is also noted [(2 MϩH) ϩ ϭ 787 and 791, respectively]. These ions are all singly charged as deduced by interrogation of the isotopic peaks of each compound. Importantly, the absence of these secreted metabolites from A. fumigatus ⌬gliG supernatants (see Fig. S4 in the supplemental material) confirms the occurrence (Fig. 5) . Elevated levels of EGT in A. fumigatus ⌬gliK. Interestingly, aldrithiol-4 titration revealed significantly more free thiol groups per mg protein in the ⌬gliK 26933 mutant than in wild-type mycelial lysates (P ϭ 0.0028; n ϭ 3; fold difference, 2.2). This suggested the presence of elevated amounts of free thiols, possibly in low-molecular-mass metabolite(s) related to disruption of gliotoxin biosynthesis, in the absence of gliK. However, no unique intracellular metabolite was evident by RP-HPLC analysis of A. fumigatus ⌬gliK mycelial lysates (data not shown). RP-HPLC analysis of 5=-IAF-treated mycelial lysates, either unreduced or subjected to prior NaBH 4 -mediated reduction, indicated the presence of an alkylated molecular species at an Rt of 11.7 min (Fig. 6A) 6C and D) . The mass of the intracellular unlabeled metabolite, present at elevated levels in the A. fumigatus ⌬gliK mutant, was 229 Da, which was deduced by subtracting the acetamidofluorescein mass from that of the molecular ion of the labeled compound (617.3 Ϫ 388.3 Da ϭ 229 Da). Importantly, alkylation of pure GSH, followed by LC-MS analysis, revealed the expected mass of acetamidofluorescein-glutathione (m/z ϭ 695) (Fig. 6E) at a different Rt (6.1 min) compared to that of the monothiol metabolite from A. fumigatus (Fig. 6C) . Moreover, MS/MS fragmentation indicated a neutral loss of 129 Da, corresponding to the loss of the ␥-glutamyl moiety from GSH (40). This was not detectable following LC-tandem MS (MS/MS) analyses of the fungal monothiol species, thereby eliminating the possibility that it is GSH. This compound was subsequently identified, for the first time in A. fumigatus, as ergothioneine (EGT; 229 Da; C 9 H 15 N 3 O 2 S), which exists as a tautomer of a thiol and thione form (Fig. 6F) (Fig. 7A) . Thus, the uptake of exogenously added gliotoxin (5 g/ml), by both wild-type and ⌬gliK 46645 strains in liquid cultures over 0 to 45 min, was determined by quantifying the residual gliotoxin concentration in supernatants. Significantly less gliotoxin was present in culture supernatants of the A. fumigatus ⌬gliK 46645 mutant than in that of ATCC 46645 after gliotoxin exposure at 15 min (P ϭ 0.0102) and 30 min (P ϭ 0.0045) (Fig. 7B) . This implied that gliotoxin was either effluxing more slowly from the mycelia of A. fumigatus ⌬gliK 46645 after uptake or is removed more rapidly from the supernatant. After 45 min, the level of gliotoxin increased in the ⌬gliK culture supernatants, possibly because alternative efflux mechanisms had been activated. The uptake rate of gliotoxin by the wild-type and mutant strains was calculated at 15-min intervals. At 15 min, the A. fumigatus ⌬gliK 46645 mutant exhibited a gliotoxin uptake rate of 31.443 pg/mg mycelia/min, more than three times that of A. fumigatus ATCC 46645 (9.337 pg/mg mycelia/min) (P ϭ 0.0039). The wild-type strain exhibited a relatively constant level of gliotoxin for 45 min in the supernatant, indicating that the wild-type strain displayed a balance between uptake and efflux of gliotoxin ( Fig. 7B and C) . In the A. fumigatus ⌬gliK 46645 mutant, gliotoxin levels began to stabilize in the supernatant after the initial uptake in the first 15 min of exposure. Thus, it appears that deletion of gliK has disrupted a gliotoxin efflux mechanism in A. fumigatus, because elevated (or constant) gliotoxin levels in A. fumigatus ⌬gliK 46645 mutant culture supernatants would have been predicted if gliK encoded a component of a gliotoxin uptake mechanism.
DISCUSSION
Although orthologs of A. fumigatus gliK exist in other fungi, bioinformatic analysis of gliK in terms of comparative sequence or conserved domain analysis has provided no definitive information as to its function (28) . Here, we reveal that gliK deletion from A. fumigatus results in acquisition of gliotoxin-and H 2 O 2 -sensitive phenotypes and loss of gliotoxin production in two strains. Further, we observe that H 2 O 2 induces gliK expression and, unexpectedly, that gliotoxin addition significantly relieves the H 2 O 2 -induced growth inhibition in both A. fumigatus wild-type and ⌬gliK strains. The presence of (i) significantly elevated levels of external metabolites of m/z 394 to 396, in addition to (ii) an elevation in intracellular ergothioneine levels in A. fumigatus ⌬gliK strains, were determined. Finally, a significantly reduced rate of exoge- nously added gliotoxin efflux from A. fumigatus ⌬gliK compared to wild-type strains is observed. This finding may be due to either gliotoxin reduction by ergothioneine or to consequent gliK involvement in gliotoxin secretion.
Targeted deletion of gliK in two A. fumigatus strains was achieved, and the integrity and expression of the adjacent gene (gliA) was unaffected by the deletion strategy employed (see Fig.  S2 in the supplemental material). Likewise, it has been confirmed that deletion of gliT, and consequent phenotypes observed, were gene specific and not caused by alterations in the structure or expression of the surrounding genes, gliF and gliH (33) . gliK deletion resulted in the complete absence of cognate gene expression, thereby ensuring that all subsequent phenotypes were directly caused by GliK absence. The maximum yield of gliotoxin is highly influenced by growth conditions, especially the culture media (20) . Consequently, assessment of gliK expression under different culture conditions was undertaken to establish optimal conditions for assessment of the relationship between gliK expression and gliotoxin production. gliK expression was found to be highest at 24 h in AMM, so this time point and medium were used in all subsequent gliK expression analyses and gliotoxin uptake studies. gliK expression was also evident in MM at 24 and 48 h, although it had decreased by 72 h, indicating that gliK is normally expressed early on and may not be required in the later stages of fungal culture. gliK expression was undetectable in Sabouraud media at any time point in wild-type and A. fumigatus ⌬gliK 46645 mutant cultures, thereby confirming gliK absence from the latter strain.
Genes in the gliotoxin biosynthetic cluster have been associated with protection against gliotoxin. For example, gliT, a gliotoxin oxidoreductase, has been shown to play a self-protection However, no alteration in sensitivity to H 2 O 2 was observed for the A. fumigatus ⌬gliT mutant. The gliotoxin transporter, gliA, was shown to confer resistance to gliotoxin in the Leptosphaeria maculans ⌬sirA mutant (15) . In the present study, deletion of gliK in A. fumigatus ATCC 46645 and ATCC 26933 resulted in mutant strains that became highly sensitive to exogenous gliotoxin and H 2 O 2 but were unaffected by exposure to the antifungal voriconazole. Although a statistically significant difference in growth rates was observed between A. fumigatus wild-type and respective ⌬gliK strains, addition of gliotoxin did not completely suppress growth of ⌬gliK 46645 and ⌬gliK 26933 mutants, even at high concentrations of gliotoxin (20 g/ml). Thus, observed gliotoxin sensitivity was less apparent than that previously encountered for A. fumigatus ⌬gliT (32, 33) . Hence, we hypothesized that although gliK plays a role in self protection against gliotoxin, it is more likely that any metabolite (biosynthetic intermediate or shunt metabolite) produced consequent to gliK deletion mediates sensitivity to exogenous gliotoxin. We further conclude that it is not simply the loss of gliK which sensitizes A. fumigatus to gliotoxin, since gliK is not expressed in the A. fumigatus ⌬gliZ mutant, and this strain exhibits a wild-type gliotoxin phenotype (33) .
Although exogenous gliotoxin (5 g/ml) had no effect on gliK expression in A. fumigatus ATCC 46645, we found that H 2 O 2 -induced oxidative stress resulted in an almost 20-fold increase (0.1665 versus 3.193) in gliK expression (P ϭ 0.0101). Moreover, exposure of A. fumigatus wild-type, ⌬gliK 26933 , and ⌬gliK 46645 strains to hydrogen peroxide also resulted in differential growth responses. Here, increased mutant sensitivity to hydrogen peroxide (2 mM) was observed whereby the mutant strains were unable to grow, unlike both wild-type strains, which exhibited approximately 50% growth. Since gliotoxin biosynthesis is impaired in the A. fumigatus ⌬gliK mutant, these observations suggest that either gliK absence, a specific biosynthetic intermediate, or ergothioneine presence augments H 2 O 2 -mediated oxidative stress. Relevantly, it has been demonstrated that the A. fumigatus ⌬gliG strain does not exhibit increased sensitivity to gliotoxin or H 2 O 2 (11). Indeed, it has also been noted that gliotoxin may play a role in regulating the redox status of A. fumigatus (7, 33) . However, despite extensive analyses, no evidence of enhanced gliotoxin efflux was detectable following exposure of A. fumigatus to H 2 O 2 .
In an attempt to unravel the unique response of the A. fumigatus ⌬gliK mutant to gliotoxin-and H 2 O 2 -mediated oxidative stress, we performed coaddition experiments to determine if the individual inhibitory effects of gliotoxin and H 2 O 2 were additive. To our surprise, we found that gliotoxin actually relieved H 2 O 2 -induced growth inhibition of both wild-type and gliK deletion strains of A. fumigatus. Relevantly, it has been noted that gliotoxin catalyzes H 2 O 2 reduction and that it was a novel thioredoxin substrate, because no H 2 O 2 -reducing activity was evident in the absence of thioredoxin reductase or thioredoxin in mammalian cells (8) . These authors also demonstrated that gliotoxin inhibited the H 2 O 2 -induced angiogenesis of human umbilical vein endothelial cells. However, at present the precise mechanism for our observations in A. fumigatus remains undetermined, and work is under way to explore this phenomenon. Notably, organic extracts of wild-type culture supernatants inhibited gliK growth, yet the opposite was not observed. This result is in accordance with Coleman et al. (9) , who observed that gliotoxin-deficient organic extracts of the A. fumigatus ⌬gliP mutant did not exhibit inhibitory properties against Candida albicans.
Gliotoxin production by A. fumigatus ATCC 46645 was at too low a level to reliably assess if the ⌬gliK mutation had any effect on gliotoxin production. This was not the case for A. fumigatus ATCC 26933, where the amount of gliotoxin produced was readily detectable prior to NaBH 4 -mediated reduction (11, 12) , and subsequent reduction confirmed gliotoxin presence by the appearance of the dithiol form at a reduced retention time (3) in organic extracts of the wild-type culture supernatants (data not shown). A method for gliotoxin detection by alkylating the reduced form of gliotoxin with 5=-iodoacetamidofluorescein (5=-IAF) followed by RP-HPLC or MALDI-MS identification (12) provided confirmatory data for gliotoxin production by the A. fumigatus wild-type strain and deficiency in ⌬gliK strains, respectively. Thus, we conclude that gliotoxin production and secretion by the ⌬gliK 26933 mutant was abolished. However, significantly elevated levels of two hydrophobic metabolites were detectable in organic extracts of the ⌬gliK 26933 mutant, which exhibited m/z 394 to 396 following LC-MS analysis. These metabolites did not contain free thiols, and as noted above they did not possess growth-inhibitory properties associated with organic extracts of wild-type organic extracts. Also, the observed m/z did not correspond to any metabolite present in the A. fumigatus wild-type intracellular metabolome (13) or secretome of the A. fumigatus ⌬gliG strain (11, 31) . Moreover, this mass (393 to 395 Da) is greater than that of gliotoxin, 326 Da, and strongly suggests the presence of either a shunt metabolite(s) or biosynthetic intermediate of higher mass than gliotoxin, as previously observed (31) . Our analyses revealed that these metabolites were detectable following deletion of gliT but absent from the gliG deletion strain. This means that the presence of these metabolites (m/z 394 to 396) is GliG dependent, and that accumulation of these intermediates/shunt metabolites occurs in the absence of GliK. This positions GliK in the gliotoxin biosynthetic pathway as catalyzing a reaction after the diglutathionylation event effected by GliG but preceding GliT-mediated disulfide oxidation. Future purification and structural characterization will enable unambiguous identification of the nature of these extracellular metabolites.
Intriguingly, significantly elevated levels of ergothioneine were detected in aqueous extracts of A. fumigatus ⌬gliK 26933 mutant mycelial lysates compared to the wild type. The biosynthetic pathway of ergothioneine, in mycobacteria, involves sulfurization through incorporation of ␥-glutamylcysteine (␥GC) (33a). Observation of increased ergothioneine levels in ⌬gliK may support a putative trans function of GliK as a ␥-glutamyl cyclotransferase (GGCT), with deletion of this gene resulting in reduced catabolism of the substrate for ergothioneine biosynthesis. Interestingly, GliK appears in part to encode a gamma-glutamyl cyclotransferase-like (GGCT-like) domain that is responsible for catalyzing the formation of pyroglutamic acid (5-oxoproline) from dipeptides containing ␥-glutamate (26) .
Based on our observations that both A. fumigatus ⌬gliK mutants were deficient in gliotoxin biosynthesis and acquired increased sensitivity to exogenous gliotoxin (5 g/ml), the relative uptake rates of exogenous gliotoxin by A. fumigatus ATCC 46645 and ⌬gliK 46645 strains was undertaken to further investigate the role of gliK. Here, we reasoned that if the ⌬gliK 46645 mutant could take up gliotoxin normally but exhibit impaired efflux compared to the wild type, then the exogenous levels of gliotoxin should decrease more rapidly, and to a greater extent, in ⌬gliK 46645 cultures. The ATCC 46645 strain was selected because the low levels of endogenous gliotoxin produced (33) would not interfere with measurement of exogenously added gliotoxin. Previous work (Stephen Carberry, personal communication) had suggested that a 45-min experimental period would be optimal for assessment of gliotoxin uptake by A. fumigatus. At 15 min after gliotoxin addition, there was a significantly lower level of gliotoxin present in A. fumigatus ⌬gliK 46645 mutant supernatants compared to the wild type (P ϭ 0.0102). This difference was also evident at 30 min (P ϭ 0.0045); however, at 45 min the level of exogenous gliotoxin in supernatants of the A. fumigatus ⌬gliK 46645 mutant began to increase and no statistically significant difference in exogenous gliotoxin levels between mutant and wild type was apparent (wild type versus the ⌬gliK 46645 mutant, 0.831 Ϯ 0.356 and 0.668 Ϯ 0.171 ng/mg mycelium, respectively). This is possibly due to activation of the autoprotective gliT response, which has also been proposed to facilitate gliotoxin efflux from A. fumigatus (33) . A differential gliotoxin uptake rate for the phytopathogens Pythium ultimum and Rhizoctania solani, expressed as g · mg dry weight Ϫ1 , has been reported (16) . Interestingly, these authors noted that gliotoxin uptake was complete within 1 min, and they observed passive, adsorptive-type kinetics and that uptake was significantly lower in gliotoxin-resistant strains. Overall, we propose that exogenous gliotoxin levels drop rapidly (0 to 30 min) in the A. fumigatus ⌬gliK 46645 mutant due to impaired efflux, which may be due to reduction of gliotoxin by ergothionine, which prevents its release, or because gliK acts in association with gliA, the MFS transporter (15) , to maintain gliotoxin homeostasis in A. fumigatus and to facilitate gliotoxin efflux under normal conditions. It should be noted that if gliK had been involved in gliotoxin uptake, one would have observed either no change or an elevation of exogenous gliotoxin levels in the A. fumigatus ⌬gliK 46645 mutant. This was not observed. Moreover, our data suggest that GliT (33) participates in gliotoxin secretion, possibly in conjunction with GliA functionality as an efflux pump (15) , which may partly compensate for the loss of GliK, provided that the amount of gliotoxin does not exceed the levels with which the cell can cope. Sirodesmin, a related ETP toxin, is produced by L. maculans, and its biosynthesis is encoded by a multigene cluster analogous to that which encodes gliotoxin production in A. fumigatus (15) . Deletion of sirA, the sirodesmin transporter gene, also led to increased sensitivity to exogenous sirodesmin and gliotoxin. Interestingly, introduction of A. fumigatus gliA recovered resistance to exogenous gliotoxin (10 M), but not sirodesmin, in L. maculans ⌬sirA::gliA. Production and secretion of sirodesmin actually increased by 39% in the L. maculans ⌬sirA strain compared to the wild type, leading to speculation about the presence of alternative toxin efflux mechanisms (15) . Further, Bradshaw et al. (5) suggested that the MFS transporter encoded by dotC in Dothistroma septosporum was not the major efflux pump for dothistromin and concluded that there are other factors besides DotC facilitating the efflux of the toxin. Thus, toxin secretion may be multifactorial and require not only efflux pumps but also defined intracellular conditions to enable efficient toxin-pump interaction as part of the secretion process.
In summary, targeted deletion of A. fumigatus gliK, a component of the gliotoxin biosynthetic cluster, in two fungal strains which produce low and high levels of gliotoxin, respectively, resulted in acquisition of (i) sensitivity to exogenous gliotoxin, (ii) impaired biosynthesis of gliotoxin, (iii) an altered extra-and intracellular metabolome, and (iv) increased sensitivity to H 2 O 2 . We identify gliK as a component of the gliotoxin biosynthetic system in A. fumigatus and propose that decreased efflux of exogenously added gliotoxin in the A. fumigatus ⌬gliK mutant is due to significantly elevated levels of ergothioneine which may reduce gliotoxin and impede efflux. Future work will investigate these hypotheses and dissect the mechanistic action of GliK.
